A comprehensive method was developed for the sensitive and fast determination of trace levels of methyltin compounds in aqueous samples. Tin compounds in aqueous solution at pH 5 were converted to the corresponding volatile hydrides: CH3SnH3, (CH3)2SnH2, and (CH3)3SnH, by reaction with potassium borohydride. A CP-4010 purge and trap injector (PTI) was used to purge analyte species from water directly. The volatile derivatives were base-line separated on a capillary column in an Angilent-6890 gas chromatograph by a suitable temperature program and were detected by a flame photometric detector (FPD). The detection limits were 18 ng L -1 for monomethyltin, 12 ng L -1 for dimethyltin, and 3 ng L -1 for trimethyltin, respectively. This method was successfully applied to the determination of methyltin compounds in different aqueous samples.
1
The use of organotin compounds as antifouling paints has led to deleterious effects for nontarget aquatic life even at low levels below several ng L -1 . The fate of organotin compounds in the environment involves biotic and abiotic dealkylation processes leading to the formation of inorganic tin, which can be methylated under certain chemical and biological circumstances. 2 In fact, the anthropogenic inputs of methyltin compounds do not account for their ubiquitous presence in the environment. 3 Environmental methylation of tin undoubtedly contributes to the widely occurrence of methyltin compounds in natural waters.
Modeling of the fate of methyltin ions required a highly sensitive analytical technique due to their low concentrations. Several researchers reported the occurrence of methyltin compounds in the aquatic environment. The concentrations of monomethyltin (MMT), dimethyltin (DMT) and trimethyltin (TMT) were depicted in the range of 10 -1000 ng L -1 . 4 Analytical methods used in methyltin compounds speciation analysis generally involved a chromatographic separation technique, such as gas chromatography (GC), coupled with selective detectors which included atomic absorption spectrometry (AAS), 5 atomic emission spectrometry (AES), 6 mass spectrometry (MS), 7 flame photometric detector (FPD) 1 and inductively coupled plasma mass spectrometry (ICP-MS). 8 As most organotin compounds existed as water soluble mono-, di-, and tri-alkylated species, they might interact strongly with the stationary phase of GC, which would seriously damage their separation. They were normally converted into non-polar, volatile corresponding compounds by complete alkylation, e.g., hydride generation with NaBH4, 9 ethylation with NaBEt4, 10 or derivatization with Grignard reagents. 11 For direct in situ derivatization, hydride formation was usually the preferable method. [12] [13] [14] Because of low levels of methyltin compounds in the environment and possible disturbance of the sample matrix, a sample preparation step including concentration and purification was of paramount importance. The conventional sample preparation method combined extraction by organic solvent, derivatization by Grignard reagent and purification, which was usually multistep and time-consuming.
Recently, a commercially available purge and trap injector was applied to speciation analysis of organometallic compounds. 6, 15 With the usage of PTI, sample preparation and separation could be easily carried out on-line. The purged analytes were first trapped in a cryogenic fused-silica capillary, then desorbed by heating and forced into a gas chromatography capillary column for separation by carrier gas. This solvent-free sample preparation technique was preferred for application in the analysis of volatile and semi-volatile compounds, primarily because of the solution of the problems associated with those traditional sample preparation methods, such as use of toxic solvents and multistep procedures.
This paper describes a comprehensive method for the sensitive and fast determination of trace levels of methyltin compounds in aqueous samples by a purge-and-trap injector (PTI) on-line coupled with gas chromatography-flame photometric detection (GC-FPD). The experimental results showed the feasibility of the combination of PTI with GC-FPD in the analysis of methyltin compounds in water samples.
Experimental

Apparatus
A Model CP-4010 purge and trap injector (Chrompack, Middleburg, The Netherlands) was used for purging methyltin compounds throughout the experiment. Sample pretreatment and hydride generation was carried out in a 40-mL purge vessel. Carrier gas was led into this purge vessel to purge and transport the volatile derivatives to a condenser, where excess moisture was frozen out. The gas-carried analytes were then refrigerated and accumulated in a cooled trap. The cooled trap was a piece of CP-Sil 5 CB fused silica capillary column (30 cm × 0.53 mm, 0.5 µm thickness), which was maintained at a desired low temperature by an electrically operated cryo-valve introduced liquid nitrogen at a rate appropriate to cool the trap. At the point of injection, the cooled trap was flash heated to release the analytes onto the analytical column and the GC program was started by the PTI simultaneously.
The analytes were separated by an Angilent-6890 gas chromatograph (Angilent, USA) fitted with an HP-1 capillary column (30 m × 0.25 mm, 0.25 µm thickness). The column temperature was programmed from 50˚C for 2 min and then heated to 150˚C at a rate of 20˚C min -1 . The FPD was equipped with a 393 nm cut-on interference filter to monitor the SnH molecular emission in a hydrogen-rich flame, and the detector temperature was maintained at 200˚C. The velocity of combustion gas hydrogen and combustion-supporting gas oxygen were controlled at 60 mL min -1 and 70 mL min -1 , respectively. The makeup gas N2 is maintained at 20 mL min -1 .
Reagents
Trimethyltin chloride (TMT, 98%), dimethyltin dichloride (DMT, 97%), and monomethyltin trichloride (MMT, 97%) were obtained from Aldrich Chem. Co. (USA). Each compound was directly weighed and dissolved in hot concentrated HCl to form a concentration level of 1 mg mL -1 (as Sn) as the stock solutions. Working standard solutions (10 µg mL -1 ) were obtained by diluting the stock solution with deionized water, and the pH was adjusted to 2 to ensure their stability.
Fresh solutions of 1% (w/v) potassium borohydride (Aldrich Chemical Co. Inc., Milwaukee, WI) were prepared daily in deionized water just before use.
Buffer solution with pH value of 5 was the mixture of acetic acid and sodium acetate solutions. All solvents and reagents used were of analytical reagent grade or better.
Procedure
A 15 mL aqueous sample adjusted to pH 5 was added in the purge vessel together with 1 mL KBH4 solution. The vessel was purged for 12 min with high purity nitrogen at a flow rate of 30 mL min -1 . The purged analytes were trapped in the cooled fused-silica capillary trap at -75˚C. After purging, the trap was flash-heated to 200˚C to release the analytes onto the analytical column. The gas chromatographic separation and determination then followed.
Results and Discussion
Optimization of pH
Methyltin chloride standards (CH3SnCl3, (CH3)2SnCl2 and (CH3)3SnCl) were converted to the corresponding more volatile hydrides with KBH4 as derivatization reagent under acidic condition, as shown in the following equation:
Due to the pH-dependent hydrolysis of the ionogenic organotin hydroxo complexes, 16 tin cations dominated at pH < pKhydrolysis [for example: pKhydrolysis = 6.71 for TBTOH]. 16, 17 Thus the derivatization usually took place in acid medium and the acidity was a key parameter for the above derivatization reaction. Figure 1 clearly shows the influence of the pH on methyltin hydrides yield. The maximum derivatization efficiency was obtained at pH 4 -6. As the reductive reagent KBH4 was alkaline, it would be seriously destroyed and invalidated under strongly acidic conditions. According to the analysis above, it was quite suitable to maintain the reaction solution at pH 4 -6.
Derivatization conditions
For the convenience of GC separation, the unsaturated organometallic compounds should generally be derivatized to corresponding more volatile and thermal stable species. In this experiment, methyltin mixture solution was submitted to KBH4 reducer to convert it into the relevant hydride in the purge cycle. During this process, the concentration of KBH4 was an important factor that could directly affect the yield of the derivatization reaction. Here the concentration of KBH4 was optimized by addition of 1 mL KBH4 solution in the range from 0.5 to 4%. The effect of the KBH4 concentrations is shown in Fig. 2 . It was clear that all of methyltin compounds had similar tendencies. Their highest hydride yields arrived at 3% KBH4 solution. It could be easily understood that the incompletion production of organotin hydrides would take place when KBH4 was insufficient. However, too much KBH4 would destroy the acidic condition of the reaction solution, which could also damage the yields of methyltin hydrides. Accordingly, 1 mL of 3% KBH4 solution was adopted here.
Effect of the purge time and purge flow
All the produced methyltin hydrides should be purged from the water sample and carried into the trap via a condenser by the purge gas. Therefore, it was important to set a suitable purge time and purge flow to obtain the complete purge of the analytes. Figure 3 purge time could not offer the complete purge of the analytes due to the slow formation of methyltin hydrides, while a longer purge time might result in stripping a part of the trapped hydrides of the cold trap. A lower purge flow could not efficiently carry the volatile analytes out of the sample matrix, while a higher purge flow could also do harm to the adsorption and accumulation of the analytes in the cold trap. Therefore, a purge at 30 mL min -1 for 12 min was preferred.
Selection of trap temperature
As we all know, the boiling points are 0˚C for CH3SnH3, 35˚C for (CH3)2SnH2 and 59˚C for (CH3)3SnH, respectively. 14 Because of their high volatilities, it was necessary to keep a relatively low trap temperature to cool the gaseous hydrides down into the trap, so that all the analytes could be highly accumulated in this step. Accordingly, the trap temperature could firsthand dominate the efficiency of analytes' cooling and accumulation. Figure 4 shows the effect of trap temperature on the trap efficiencies. It was clear that the trap efficiencies could be improved with the decrease of trap temperature between 0˚C and -75˚C and the analytes' chromatographic peak shape became more and more sharp at the same time. When the trap temperature was lower than -75˚C, all volatile hydrides could be trapped completely and the trap efficiencies of all methyltin hydrides were approximately constant. Thus in this research -75˚C was selected as the trap temperature for all analytes.
Calibration, precision and detection limits
A series of standard methyltin samples were analyzed at five different levels. Satisfying correlation coefficients of the relevant calibrated curves were obtained. Repeated analysis (n = 5) of a standard methyltin compound solution was carried out to evaluate the precision of the whole method. The results are shown in Table 1 . The linearity for all three methyltin compounds were in the range of 30 -6000 ng L -1 . The detection limits, defined as signal equal to three times of the baseline noise, were 18 ng L -1 for MMT, 12 ng L -1 for DMT, and 3 ng L -1 for TMT, respectively. From all the results described above, we could ensure the feasibility of the PTI-GC-FPD method in on-line analysis of methyltin compounds in water samples. 
Application to environmental samples
The proposed method has been introduced to the determination of methyltin compounds in wastewater samples collected from the downstream volume of a chemical factory. Compared with the GC-FPD figure of standard methyltin hydrides in Fig. 5 , the water samples contained monomethyltin (MMT) and dimethyltin (DMT). The recovery was studied in order to evaluate possible matrix effects. Recoveries were calculated by comparison of the results with those obtained from the analysis of mixed standard solutions spiked in deionized water. Spiked recoveries from the water samples ranged from 91 to 106% for all analytes, indicating that matrix effects in the samples studied were minor. In order to further evaluate the accuracy of the proposed method, the samples were simultaneously analyzed by a previously developed Grignard pentylation method. 18 In this procedure, all methyltin compounds were pentylated and converted into tetra-substituted compounds, then subsequently analyzed by using capillary GC-FPD with quartz surface-induced tin emission. The GC-FPD chromatograms of pentylated methyltin standards and water samples are shown in Fig. 6 . Table 2 summarizes the comparison of concentrations of methyltin compounds in wastewater sample determined by the conventional Grignard derivitization and by the PTI method. As can be seen, the concentrations obtained with the newly developed method were in good agreement with the results of the classical Grignard derivitization method. Compared with the complex preparation steps of the traditional method, it was more convenient, quicker and more sensitive to detect methyltin compounds in water samples by PTI-GC-FPD method. Moreover, no toxic organic solvents were used throughout the whole analytical procedure, this provides an attracting inoffensive method for methyltin analysis. Consequently, PTI-GC-FPD will be widely used in the evaluation of methyltin compounds pollution in the environment.
Conclusion
This paper demonstrated the abilities and obvious advantages of PTI-GC-FPD for the analysis of methyltin compounds in water samples. The results including low detection limits, perfect recoveries and deviation, high sensitivities and separation efficiency make this new method suitable for routine analysis of methyltin compounds. It could become an attractive approach in the analysis of methyltins and other related volatile organometallic compounds in environment samples. Table 2 Comparison of methyltin species analysis in wastewater samples using Grignard derivatized method (GD) and hydrogenation method (P&T)
a. Mean ± standard deviation (n = 5), expressed as Sn. b. n.d. = not detected.
